In tall trees, the mechanisms by which foliage maintains sufficient turgor pressure and water content against height-related constraints remain poorly understood. Pressure-volume curves generated from leafy shoots collected crown-wide from 12 large Sequoiadendron giganteum (Lindley) J. Buchholz (giant sequoia) trees provided mechanistic insights into how the components of water potential vary with height in tree and over time. The turgor loss point (TLP) decreased with height at a rate indistinguishable from the gravitational potential gradient and was controlled by changes in tissue osmotica. For all measured shoots, total relative water content at the TLP remained above 75%. This high value has been suggested to help leaves avoid precipitous declines in leaf-level physiological function, and in giant sequoia was controlled by both tissue elasticity and the balance of water between apoplasm and symplasm. Hydraulic capacitance decreased only slightly with height, but importantly this parameter was nearly double in value to that reported for other tree species. Total water storage capacity also decreased with height, but this trend essentially disappeared when considering only water available within the typical range of water potentials experienced by giant sequoia. From summer to fall measurement periods we did not observe osmotic adjustment that would depress the TLP. Instead we observed a proportional shift of water into less mobile apoplastic compartments leading to a reduction in hydraulic capacitance. This collection of foliar traits allows giant sequoia to routinely, but safely, operate close to its TLP, and suggests that gravity plays a major role in the water relations of Earth's largest tree species.
Introduction
California's giant sequoia (Sequoiadendron giganteum (Lindley) J. Buchholz) is the first largest and fifth tallest tree species on Earth, with massive trunks and immense crowns that can support 1400 m 3 of wood, 6700 m 2 of leaf area, and grow to 95 m tall (Van Pelt 2001 , Tng et al. 2012 , Sillett et al. 2015 . This magnificent tree species is a component of mixed conifer forests in the Sierra Nevada Mountains, and can be characterized as a paleoendemic whose water requirements restrict the species to basin-like topographies containing abundant subsurface snowmelt (Rundel 1972 , Anderson et al. 1995 , Willard 2000 . Recent concerns have been raised that Sequoiadendron may be vulnerable to projected changes in climate (York et al. 2013) . Both fossil and genetic evidence indicate that the species range fluctuated with changes in precipitation and temperature over the past 2.3 million years; wet intervals coincided with slight expansions, and dry conditions drove contractions that were exacerbated by warmer temperatures (Anderson and Smith 1994 , Davis 1999a , 1999b , Dodd and DeSilva 2016 . Global temperatures are now warmer than during 75% of the last 11,300 years, and projections indicate warmer California temperatures will be common in the coming decades (Cayan et al. 2008 , Marcott et al. 2013 ). In the Sierra Nevada Mountains, warmer temperatures will diminish deep water storage and water availability to mixed conifer forests containing Sequoiadendron (Bales et al. 2011 , Goulden et al. 2012 , Hunsaker et al. 2012 . Despite these concerns, there is some evidence that Sequoiadendron may be relatively resilient to drought. The fact that individual trees may live beyond 3200 years indicates the ability to survive multiyear droughts (Sillett et al. 2015 , Rocky Mountain Tree-Ring Research 2016 . Indeed, the 2012-17 drought recorded recently across California has been linked to the widespread death of more than 100 million trees in the Sierra Nevada Mountains (Griffin and Anchukaitis 2014 , Belmecheri et al. 2016 , USDA 2016 , but Sequioadendron did not immediately appear to be dying (personal observation). This ability to survive drought in part reflects a relatively conservative hydraulic architecture, with dense branch wood that retains 95% hydraulic conductivity at minimum midday water potentials, and dense leaves with efficient water use and tight stomatal regulation (Ambrose et al. 2009 , Pittermann et al. 2012 . However, the physiological mechanisms responsible for maintaining foliar water content above damaging levels are needed if we are to understand how Sequoiadendron may be resistant to drought.
Foliage is the primary physiological interface between plants and atmosphere. According to the cohesion-tension theory, water travels skyward via a free-energy gradient of sequentially lower pressures along the soil-plant-atmosphere continuum (Dixon and Joly 1895, Philip 1966) . Therefore, foliar water potential (Ψ w ) must remain lower than the soil in order to transport water to the leaves, but there are thresholds beyond which low Ψ w will lead to dysfunction (Tyree and Sperry 1989) . Water potential can be defined as the sum of its component parts. where Ψ π is the osmotic potential and is a negative value, and Ψ p is the turgor pressure and is either zero or positive . Turgor loss stops key processes, including cell expansion, stomatal conductance and leaf hydraulic conductivity (Kramer and Boyer 1995 , Brodribb et al. 2003 , Blackman et al. 2010 . Setting osmotic concentration to obtain sufficiently low Ψ π is therefore critical to prevent Ψ w from reducing Ψ p to zero. This turgor loss point (TLP) can be an indicator of drought tolerance both within and among species as well as over space and time (Dawson 1990 , Bartlett et al. 2012 , 2014 . In addition, maintaining relative water content (RWC) above about 75% prevents metabolic inhibition of photosynthesis and destabilization of cell membranes by excessively high osmotic concentrations (Steponkus 1984, Lawlor and Cornic 2002) . Maintaining positive Ψ p and high RWC in foliage may be accomplished by managing osmotic concentration, tissue elasticity and capacitive discharge of stored water (Scholz et al. 2011 , Bartlett et al. 2012 . Osmotic concentration exerts the strongest control over TLP. A higher concentration (lower Ψ π ) increases the range between Ψ π and Ψ p thus allowing more negative Ψ w before turgor pressure is lost. Active synthesis or translocation of osmotica can further depress TLP seasonally as droughts intensify (Kozlowski and Pallardy 2002, Sanders and Arndt 2012) . Higher osmotic concentrations, however, also drive lower RWC, but this effect may be counteracted by adjusting tissue elasticity (Bartlett et al. 2012) . Structurally stiffer tissues conserve water content by limiting cell contraction under extremely low Ψ w (Cheung et al. 1975) . Hydraulic capacitance and water storage capacity together offer an additional layer of protection for Ψ p and RWC, although they do not themselves depress the TLP (Bartlett et al. 2012) . Hydraulic capacitance reflects the ability to discharge stored water into the transpiration stream, while water storage capacity is that quantity of water stored (Scholz et al. 2011) . Both hydraulic capacitance and water storage capacity stabilize Ψ w against rapid fluctuations in vapor pressure deficits (Edwards et al. 1986 , Sack et al. 2003 , Scholz et al. 2011 , Martins et al. 2016 . They may also replenish evaporative losses through the lamina after stomata close (Lamont and Lamont 2000, Hao et al. 2010) .
In addition to maintaining positive Ψ p in a desiccating environment, tall trees must also cope with a physiognomy that imparts vertical challenges. Acceleration due to gravity adds another component to the Ψ w equation,
where Ψ g is the gravitational potential that imposes a gradient of -0.0098 MPa per meter of height above the ground (Noble 1983 , Hinckley et al. 2011 . Long hydraulic pathways additionally impede conductance (Tyree and Zimmermann 2002 , Mencuccini 2003 , Petit et al. 2010 , and microclimatic conditions such as sunlight, humidity and wind become increasingly desiccating with height in forest canopy (Parker 1995) . These height-related constraints can lead to decreasing Ψ w with height in tall trees at a rate that is steeper than expected from the gravitational potential gradient alone (Koch et al. 2004 , Woodruff et al. 2004 , Ishii et al. 2008 , Ambrose et al. 2016 . In tall trees, the tissue-level mechanisms by which foliage maintains sufficient turgor pressure and water content against height-related constraints remain poorly understood. Given the strong control that osmotic concentration has over TLP, the consistent decrease in Ψ w with height, and the fact that plants exhibiting more negative TLP are routinely more tolerant of lower Ψ w (Kubuske and Abrams 1994, Bucci et al. 2004) , one might predict increasing foliar osmotic concentrations to depress TLP with height in tree. However, osmotic concentrations increase with height in some tall trees while in others there is no relationship, and TLP does not consistently decrease with height (Connor et al. 1977 , Meinzer et al. 2008 , Ishii et al. 2014 , Azuma et al. 2016 . The scarcity of studies, especially those reporting variation in hydraulic capacitance and water storage capacity with height, constrains our understanding of how foliar water relations help to maintain sufficient turgor pressure and water content against height-related constraints in tall trees.
Studying foliar water relations in Sequoiadendron provides an opportunity to evaluate the drought tolerance of a nationally
Tree Physiology Online at http://www.treephys.oxfordjournals.org iconic species whose 2.3 million year history suggests it may be vulnerable to a warmer and drier climate in the long term, but whose ability to live beyond 3200 years suggests that it may be resilient in the short term. The tall stature and immense crowns of this species offer ideal conditions for studying strategies that help maintain Ψ p above TLP against height-related constraints. Our primary objectives in this study of foliar water relations in Sequoiadendron were to: (i) quantify variation in TLP with height in tree; (ii) determine the cellular controls over maintenance of turgor pressure and water content, and how they change seasonally from summer to fall; and (iii) evaluate the importance of variation in water relations parameters with height as Ψ w changes over the course of a day. (Sillett et al. 2015) , and grew on relatively rich alluvial soils close to perennial watercourses. Tree crowns were accessed using tree-climbing techniques (Jepson 2000) . Within each tree crown, 14-29 shoots were selected using randomly generated heights above ground, horizontal distances from main trunk and azimuths from tree center. A selected shoot was cut at a stem diameter of~2.0 cm, sealed into a plastic bag, and shielded from sunlight in an opaque container during transport to a laboratory. We harvested 300 shoots from the 12 study trees in summer (June-July) 2012, and in the fall (SeptemberOctober) we harvested an additional 185 shoots that grew from the same branches and within 0.5 m of the original collections in order to detect seasonal changes in water relations. A measuring tape extending from average ground level to the tree top enabled each shoot's height to be recorded to 0.1 m resolution.
Materials and methods

Pressure-volume curves
Within 3 h of collection, each field-harvested shoot was submerged in tap water in which three (one primary plus two backup) smaller shoots 3-4 mm diameter were excised with a sharp razor blade. Maintaining submersion, a shoot's base was pushed through a slit in the foil cap of a water-filled test tube that was then placed into a dark humidity chamber to encourage overnight rehydration. Pressure-volume (PV) curves were generated the next morning using bench-drying and repeat-pressurization methods Hammel 1972, Hinckley et al. 1980) . A shoot was prepared for measurements by removing~0.5 mm of the basal end with a sharp razor blade and blotting the leaves dry with a lint-free towelette. Mass of each shoot was measured on an analytical balance to 0.0001 g resolution immediately before and after a measurement of Ψ w (MPa) made with a Scholander pressure chamber (Model 1000, PMS Instrument Co., Corvallis, OR, USA). The two masses were averaged and paired with the Ψ w . This process was repeated to generate a series of paired mass and Ψ w comprising a PV curve for each shoot as it desiccated in ambient air. The rate of chamber pressurization used to quantify water potential was about 0.01 MPa s −1 , and measurements proceeded until about 85% of the initial shoot mass remained. Each shoot was then oven-dried at 60°C to obtain dry mass necessary to calculate RWC (decimal),
mass dry mass fully hydrated mass dry mass 3 (Koide et al. 2000) for each point of the PV curve. Pressure-volume curves that failed due to shoot breakage or that yielded multiple outlying estimates were excluded from further analyses, reducing the final water relations dataset to 260 summer and 180 fall PV curves. Rehydration of a shoot sometimes caused oversaturation, which was visualized in a scatterplot of H 2 O mass on Ψ w as water content approached an asymptote at high Ψ w . We removed points contributing to this 'plateau effect' in each PV curve to avoid overestimation of water content (Kubiske and Abrams 1991) . We then used an iterative process to objectively separate the remaining points into pre-turgor loss and postturgor loss from which water relations variables were estimated using linear regressions. Starting with three points taken at the lowest water potentials, which represented the first iteration's post-turgor loss points, an osmotic potential at full turgor (Ψ πft , MPa) was extrapolated as -1/y-intercept of a linear regression of -1/Ψ w on 1 -RWC (Richter 1978) , while saturated water content (SWC, g) was extrapolated from the remaining points (pre-turgor loss points) as the x-intercept of a linear regression of Ψ w on H 2 O mass (Ladiges 1975) . These two relationships allowed Ψ π (MPa) and Ψ p (MPa) to be calculated for each point in the PV curve (Eqs. (1) and (3)). A TLP (MPa) was then extrapolated as the x-intercept of a linear regression of Ψ p on Ψ w using the pre-turgor loss points. If this TLP was not between the two consecutive Ψ w measurements that separated the pre-from post-turgor loss points, the solution was rejected and the next iteration initiated. The next iteration included a fourth post-turgor loss point, and a new TLP was calculated. This iterative process continued until a TLP was successfully bracketed between two consecutive Ψ w measurements. The bracketed value was used as the final TLP as well as to separate pre-from post-turgor loss points that we then used to calculate the remaining final water relations variables. The final pre-turgor loss points contained an average of eight points and were well represented by linear regressions (average R 2 = 0.9980).
Pre-turgor loss points were used to infer total RWC at the TLP (total RWC TLP , decimal) as the corresponding x-value from the -1/Ψ w on 1 -RWC relationship, as well as to calculate bulk tissue elastic modulus (ε, MPa), Hammel 1972, Koide et al. 2000) , where SWF is the symplastic water fraction. We also used the pre-turgor loss points to calculate three metrics of water storage. Hydraulic capacitance normalized by dry mass (C mass , g g
) was the change in water content per change in Ψ w (Scholz et al. 2011 ),
Total water storage capacity normalized by dry mass (S mass , g g −1 ) was used as an index of succulence (Bacelar et al. 2004 ), ), defined as the change in water content between Ψ g and TLP, comparisons with other reports. Post-turgor loss points were used to calculate Ψ πft , AWF (decimal) as the x-intercept of -1/Ψ w on 1 -RWC, and SWF (decimal) as 1 -AWF. Symplastic water fractions were incorporated into the calculation of ε Hammel 1972, Koide et al. 2000) and also used to compute symplastic RWC at TLP (symplastic RWC TLP , decimal). See Table 1 for a list of water relations variables and their units used in this study.
Sensitivity analyses
We performed three sensitivity analyses to determine the cellular drivers of TLP, symplastic RWC TLP and total RWC TLP . The relative sensitivity (Φ i ) for an independent variable was calculated from the partial derivative of the dependent variable with respect to the independent variable (Φ i = ∂Y/∂X i × |X i /Y|), where |X i /Y| normalizes the absolute sensitivity to allow relative comparisons among independent variables irrespective of their units (Hamby 1994 , Smith et al. 2008 . The partial differential equations provided by Bartlett et al. (2012) allowed us to quantify the influences that Ψ πft 
Bulk shoot water potential MPa and ε had over TLP and symplastic RWC TLP . Using the same methodology to determine the cellular drivers of total RWC TLP , we used the underlying equation, (Bartlett et al. 2012 ) to derive three new partial differential equations that quantified the absolute sensitivity of total RWC TLP to ε, Ψ πft or AWF:
The parameter estimates from a PV curve (e.g., ε, Ψ πft , AWF) were used to solve these equations, and the outputs were normalized to relative sensitivities. The relative sensitivities for an independent variable were averaged across all 260 summertime PV curves to yield a measure of the strength of influence that variable had over the dependent variable. To visualize the relative sensitivity of total RWC TLP to Ψ πft , ε or AWF, we performed a 'one-at-atime' sensitivity analysis wherein one independent variable was allowed to vary over its measured range while the other two were held constant at their minimum, average or maximum values.
Importance of foliar water storage
We quantified the importance of foliar water storage capacity based on our average estimates of S mass and W mass . This metric was averaged across all 260 summertime PV curves and then scaled up to whole-tree levels using estimates of foliar dry mass published for each of the 12 study trees (Sillett et al. 2015) . Daily water use per crown dry mass was then calculated as 1.62 l day −1 kg −1 using an estimate derived from summertime sap flow measurements reported for a large Sequoiadendron (Ambrose et al. 2016) . Finally, the importance of stored water was expressed as the quotient of whole-crown water storage per daily summertime water use.
Diurnal courses of Ψ w , Ψ p and Ψ π
Pressure-volume curves can be combined with measurements of Ψ w made periodically over a day to estimate diurnal courses of Ψ p as well as Ψ π (after Robichaux 1984) . Using a batch of PV curves generated from shoots growing within a 2.0 m height range in a tree, we developed a composite linear regression of Ψ p on Ψ w from pre-turgor loss points (Figure 1 ) that was then used to predict changes in Ψ p from periodic measurements of Ψ w made with a pressure chamber. These courses of Ψ w and Ψ p combined with Ψ g for a given height allowed calculation of Ψ π for each field measurement of Ψ w (Eq. (2)). We used this approach to estimate diurnal changes in the components of Ψ w at upper crown and lower crown positions for the tallest study tree at each of the four sites. The eight composite Ψ p on Ψ w relationships were each developed from three to eight PV curves. Within 1 week after generating the PV curves, we measured Ψ w at 1.5-h intervals from pre-dawn to post-dusk using 3-10 replicate shoots that were 3-4 mm diameter and collected at random from each crown position.
Statistical analyses
Water relations estimates were computed from the PV curves using reduced major axis regression because the variables each had their own error, were co-dependent, and were of different types (Sokal and Rohlf 1995) . Relationships between height above ground and water relations variables were evaluated using ordinary least squares regression, and the slopes of TLP and Ψ πft on height were compared using ANCOVA. Paired two-tailed t-tests were used to compare the relative sensitivities of TLP or symplastic RWC TLP to ε or Ψ πft , as well as the relative sensitivities of total RWC TLP to ε Ψ πft or AWF. Summer versus fall water relations estimates were also compared using paired t-tests. Statistical analyses were performed in R (R Development Core Team 2016).
Results
Water relations correlates with height
Ordinary least squares regression between height above ground and each of the water relations variables revealed several and water potential (Ψ w ) prior to turgor loss derived from pressurevolume curves generated separately for eight upper crown (83.0 m) shoots and six lower crown (14.7 m) shoots that were collected from a Sequoiadendron in Mountain Home State Demonstration Forest. The relationships were used to predict Ψ p from diurnal courses of Ψ w for this tree.
Tree Physiology Volume 37, 2017 significant relationships (Table 2) . Turgor loss point decreased with height at a rate that was indistinguishable from the gravitational potential gradient of -0.0098 MPa m −1 (95% CI -0.0122
to -0.0093; R 2 = 0.45; Figure 2 ). Osmotic potential at full turgor decreased with height at a lower rate (ANCOVA, F(1, 516) = 6.0725; P = 0.01). The difference in slopes caused TLP and Ψ πft to diverge with height and may indicate declining turgor pressures toward the tree tops. Bulk tissue elastic modulus increased with height (R 2 = 0.16; Figure 3 ). Apoplastic water fraction was negatively correlated with height (R 2 = 0.27) and varied widely from 17% to 80%. Total RWC TLP was also negatively correlated with height (R 2 = 0.44), but symplastic RWC TLP was uncorrelated. Several water storage parameters exhibited weak negative correlations with height ( Figure 4) . Although S mass decreased, this trend essentially disappeared when substituting our more conservative estimate of water storage, W mass .
Controls over TLP and RWC TLP
We found a strong positive correlation between TLP and Ψ πft (P < 0.01; R 2 = 0.91) and a negative correlation with ε (P < 0.01; R 2 = 0.43; Figure 5 ). Our differential sensitivity analysis indicated that TLP was more responsive to changes in Ψ πft than ε (P < 0.01; Table 3 ). Symplastic RWC TLP was equally sensitive to Ψ πft and ε, indicating that the decline in symplastic water content driven by osmotica was counteracted by stiffer tissues. This analysis also revealed that total RWC TLP was more sensitive to AWF than to ε or Ψ πft (P < 0.01 for both), and the sensitivity ratio of total RWC TLP to AWF versus ε decreased with height (P < 0.01; R 2 = 0.22; Figure 6 ). These results indicate that the proportion of symplastic versus apoplastic water was an important driver of changes in total RWC TLP . Our 'one-at-a-time' sensitivity analysis for total RWC TLP provided visualizations of the potential responsiveness to Ψ πft , ε and AWF (Figure 7 ). Reductions in total RWC TLP that were driven by high osmotic concentrations could be offset by shifting water to the apoplasm without varying tissue elasticity. Increasing AWF also had a strong potential to counteract a precipitous decline in total RWC TLP that occurred with more flexible tissues at constant osmotic concentration. Likewise, stiffer tissues could offset the linear decline in total RWC TLP that was driven by lower AWF. Overlaying real data points onto these sensitivity visualizations revealed that a balance between ε and AWF successfully maintained total RWC TLP above 75% across the entire range of osmotic concentrations. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Water storage
Estimates for area-normalized hydraulic capacitance (C area ) in Sequoiadendron foliage were quite large with a mean of 42.7 g m −2 MPa −1 (range 26.0-62.8). Scaling our two metrics of water storage capacity, S mass and W mass , to whole-crown levels yielded very different estimates for the importance of water storage capacity. We estimated the importance of S mass to be 85.1% ± SE 11.5% of daily transpiration, whereas the importance of W mass was far less at only 6.8% ± 0.9%.
Temporal changes in foliar water relations
Comparing water relations variables from the 180 shoot harvest locations measured in both summer and fall revealed seasonal differences (Table 4 ). The largest percent changes from summer to fall were increases in AWF (27.2%) and S area (20.8%). Areanormalized water storage parameters exhibited larger seasonal differences than their mass-normalized counterparts. Total RWC TLP increased while symplastic RWC TLP decreased. We did not observe seasonal changes in Ψ πft , TLP or ε.
Daily courses of Ψ w were overall more negative in upper crown than in lower crown positions, decreasing at first direct sunlight, reaching minimum values at midday with an occasional short recovery period, and then recovering to nearly pre-dawn values after the last direct light (Figure 8 ). Minimum Ψ w at a given position did not surpass its TLP, but subjecting any tree's lower crown foliage to Ψ w experienced in the upper crown would have resulted in turgor loss. Diurnal courses of Ψ p and Ψ π mimicked the trajectories of Ψ w ; Ψ p approached zero while Ψ π decreased toward midday, followed by recovery as daylight diminished. The range of Ψ π was consistently equal to or greater than the range of Ψ g at any upper or lower crown position.
Discussion
Our results suggest that gravity plays a major role in shaping the water relations of Sequoiadendron. Height-related increases in osmotic concentration, apoplastic water fraction and bulk tissue elastic modulus enabled tight control over turgor pressure and water content. Together with seasonal adjustments in water content and exceptionally large hydraulic capacitance, these foliar water relations traits allow Sequoiadendron to regularly function close to the turgor loss point. Figure 3 . Relationships between four foliar water relations variables and height in Sequoiadendron using ordinary least squares regression. The four water relations variables are bulk tissue elastic modulus (ε), apoplastic water fraction (AWF), total relative water content at the turgor loss point (total RWC TLP ) and symplastic RWC TLP .
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Gravity explains variation in TLP
Recent meta-analyses revealed that the turgor loss point (TLP) can be an indicator of drought tolerance both within and among species (Bartlett et al. 2012 (Bartlett et al. , 2014 . In tall trees, several environmental factors potentially contribute to variation in the TLP with height, including the standing -0.01 MPa per meter of height imposed by gravity, the accumulation of hydraulic resistance with path length (Petit et al. 2010) , and overall drier microclimatic conditions toward the tree tops (Parker 1995) . Therefore, one might expect the TLP to decrease with height at a rate equivalent to or more extreme than the gravitational potential gradient. However, factors associated with hydraulic constraints, not light, are consistently more important to variation in leaf structure in Sequoia and Sequoiadendron (Koch et al. 2004 , Ishii et al. 2008 , Ambrose et al. 2009 , Oldham et al. 2010 , Chin and Sillett 2016 . Moreover, the slope of TLP on height extracted from PV curves generated across all 12 study trees was indistinguishable from that of the gravitational potential gradient. These results together suggest that gravity, not path length or microclimate, was the primary environmental factor explaining variation in the TLP. Tissue osmotic and elastic properties have both been reported to control variation in TLP (Niinemets 2001 , Merchant et al. 2007 , Mitchell et al. 2008 ), but a global meta-analysis of water relations research implicated osmotica as the primary control (Bartlett et al. 2012) . Consistent with this, our sensitivity analysis showed that TLP was more responsive to variation in osmotica than to tissue elasticity across the range of values in Sequoiadendron. Moreover, separating the components of water potential (Ψ w ) over diurnal courses revealed that the range of osmotic potential (Ψ π ) was equivalent to or greater than the gravitational potential (Ψ g ) at a given height (Figure 8) . These results clearly demonstrate that variation in TLP in Sequoiadendron is primarily controlled by tissue osmotica. The decreasing osmotic potential at full turgor (Ψ πft ) with height also supports this assertion. However, the widening difference between Ψ πft and TLP with height ( Figure 2) suggests that turgor pressure (Ψ p ) also decreases with height as observed for other tall conifers (Koch et al. 2004 , Woodruff et al. 2004 , Meinzer et al. 2008 ). An increasing influence of osmotica with height was also recorded in Eucalyptus regnans and Pseudotsuga menziesii (Connor et al. 1977 , Meinzer et al. 2008 ), a trend that we too inferred from reported slopes of Ψ w and Ψ p with height in Sequoia sempervirens (Koch et al. 2004 ). In P. menziesii, a concomitant decrease in TLP has also been observed (Woodruff et al. 2004 ). This research collectively points to a potentially common strategy of coping with the gravitational potential gradient via osmotica that reduce TLP with height.
Maintaining sufficient water content
Higher osmotic concentrations clearly drive lower TLP, but the tradeoff is a concomitant reduction in symplastic RWC TLP in the absence of elastic compensation (Bartlett et al. 2012 ). The primary function of variation in elasticity may be a structural stiffening of tissues to limit cell contraction under extremely low Ψ π so that sufficient water content can be maintained (Cheung et al. 1975) . We observed no difference in the relative sensitivity of symplastic RWC TLP to Ψ πft versus ε, confirming that the reduction in symplastic RWC TLP associated with lower Ψ πft was offset by stiffer tissues. The fact that symplastic RWC TLP throughout our study trees remained above about 60% against height-related constraints is well explained by increased tissue rigidity with height ( Figure 3) . The regulation of tissue elastic properties with ) Figure 4 . Relationships between three foliar water relations variables and height in Sequoiadendron tree using ordinary least squares regression. The three water relations variables are mass-normalized hydraulic capacitance (C mass ), total water storage capacity (S mass ) and water storage that was available within the typical range of water potentials (W mass ).
Tree Physiology Online at http://www.treephys.oxfordjournals.org height in Sequoiadendron may be accomplished by increasing the number of fibers and hypodermal layers as well as the ratio of leaf vascular area to shoot area (Chin and Sillett 2016) .
Total RWC TLP appears to be controlled by an additional underlying variable-the balance of water between the apoplasm and symplasm. Our sensitivity analysis revealed that total RWC TLP was more responsive to variation in AWF than ε. As with symplastic RWC TLP , higher osmotic concentrations caused a reduction in total RWC TLP when ε was held constant, but this trend was offset by an increase in AWF (Figure 7) . At constant osmotic concentration, the same change in AWF also relieved the dependence of total RWC TLP on ε, thus allowing tissue structure to range from rigid to flexible without compromising total RWC TLP . With height in tree, we observed a shift in the drivers that maintain total RWC TLP . Stiffer foliage was associated with lower AWF, and the relative sensitivity of total RWC TLP to AWF decreased while the sensitivity to ε increased along this vertical gradient (Figure 6 ). This shift in the relative importance of these drivers may serve two functions. First, stiffer foliage physically constrains tissue contraction under low water potentials to conserve water content, which was sustained above the 75% required to avoid metabolic inhibition and cell membrane destabilization (Steponkus 1984, Lawlor and Cornic 2002) . Second, we speculate that the concomitant increase in more mobile Figure 5 . Relationships between three foliar water relations variables in Sequoiadendron using ordinary least squares regression. The three water relations variables are turgor loss point (TLP), osmotic potential at full turgor (Ψ πft ) and bulk tissue elastic modulus (ε). Table 3 . Results from a sensitivity analysis using partial differentiation to evaluate the relative importance of variables underlying foliar water relations traits in Sequoiadendron. Absolute sensitivities quantify the responsiveness of turgor loss point (TLP), symplastic relative water content at the TLP (symplastic RWC TLP ), and total RWC TLP to their underlying variables, bulk tissue elastic modulus (ε), osmotic potential at full turgor (Ψ πft ) or apoplastic water fraction (AWF). Absolute sensitivities were normalized to enable relative comparisons among input variables. . Total relative water content at the turgor loss point (total RWC TLP ) is controlled by three underlying variables: osmotic potential at full turgor (Ψ πft ), bulk tissue elastic modulus (ε) and apoplastic water fraction (AWF). The relative sensitivity of total RWC TLP to changes in AWF declined with height in Sequoiadendron tree while the relative sensitivity to ε increased. The result is borne out in this ordinary least squares regression in which the relative sensitivity ratio (SR) of AWF to ε decreased with height in tree.
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Defining apoplastic water-a brief note
Foliage is structurally complex and contains several pathways for water transport. Apoplastic transport occurs through cell walls (and intercellular spaces) outside of the protoplast while symplastic transport occurs through cell protoplasm including plasmodesmata that connect adjoining cells. The PV curve technique assumes apoplastic water remains constant over the course of the measurements (Tyree 1976 , Turner 1988 . However, recent research indicates that a substantial proportion of leaf hydraulic conductance outside the xylem is apoplastic (Buckley 2014 , Scoffoni 2015 , Yaaran and Moshelion 2016 . Moreover, the hollow lumens of tracheary elements carry water through leaf veins, yet these conduits are treated as part of the apoplastic pathway since they lack protoplasm Hammel 1972, Hacke 2015) . Therefore, the apoplastic pathway is absolutely part of the transpiration stream, and we do not consider apoplastic water (or its fraction, AWF) to be constant over the course of generating a PV curve. This contradiction does not undermine the validity of PV curves, but it does call for a more accurate anatomical portrayal of where the less mobile 'apoplastic' water is stored.
Succulent giant sequoia shoots
Both hydraulic capacitance and water storage capacity have the potential to stabilize tree physiological functions against fluctuations in environmental conditions within a diurnal cycle (Edwards et al. 1986 , Sack et al. 2003 , Scholz et al. 2011 , Martins et al. 2016 . Height in forest canopy is associated with increasingly desiccating microclimatic conditions (Parker 1995) , so one might expect an increase in hydraulic capacitance with height in tree as reported for S. sempervirens (Ishii et al. 2014 ). Instead we observed weak evidence for declining C mass in Sequoiadendron and no trend in C area , similar to that reported for tall P. menziesii (Woodruff et al. 2007 ). However, our exceptionally large values of C area were nearly double that reported for a wide taxon sampling of tree species including other Cupressaceae (Scholz et al. 2011 , Ishii et al. 2014 , Azuma et al. 2016 . Such large C area may be explained by an abundance of leaf transfusion tissue, which can deform under low Ψ w to release stored water (Brodribb and Holbrook 2005 , Oldham et al. 2010 , Azuma et al. 2016 . Sequoiadendron has about three times the cross-sectional area of transfusion tissue per leaf compared to Sequoia and Cryptomeria (Ishii et al. 2014 , Azuma et al. 2016 , Chin and Sillett 2016 . The capacity to release large quantities of water over small changes in Ψ w may allow Sequoiadendron to delay stomatal closure as humidity falls and demand for water by a drying atmosphere increases (Martins et al. 2016) . ԑ mean, AWF max ԑ mean, AWF mean ԑ mean, AWF min data Ψ πft mean, ԑ max Ψ πft mean, ԑ mean Ψ πft mean, ԑ min data Ψ πft mean, AWF max Ψ πft mean, AWF mean Ψ πft mean, AWF min data Figure 7 . A 'one-at-a-time' sensitivity analysis portraying the responsiveness of total relative water content at the turgor loss point (total RWC TLP ) to changes in three underlying variables: osmotic potential at full turgor (Ψ πft ), bulk tissue elastic modulus (ε) and apoplastic water fraction (AWF). In each panel, one underlying variable was allowed to vary over its measured range while the other two were held constant at their minimum, average or maximum value. Real data points (+) from Sequoiadendron are superimposed to aid interpretation. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Rapid and full recharge of transfusion tissue and other capacitors may be fostered by abundant summertime snowmelt that supplies very large daily summertime demands for water (Ambrose et al. 2016) . While hydraulic capacitance represents the ability for stored water to be released to the transpiration stream, water storage capacity is the actual quantity of water available for release (Scholz et al. 2011) . We found a decrease in foliar water storage capacity with height in Sequoiadendron in contrast to the increase found in both Sequoia and Cryptomeria that has been proposed to lessen the severity of height-related hydraulic constraints (Ishii et al. 2014 , Azuma et al. 2016 . Compared with S area or S mass , which represent total water storage, the amount of water storage that is actually 'available' to the transpiration stream is that which can be used (depleted) over some typical range of water potential (Zweifel et al. 2001 ). Here we define this available water storage as the symplastic water fraction between Ψ g and TLP and calculated as W area or W mass (Eq. (7)). Using this definition, the negative correlation between water storage capacity and height essentially disappeared, suggesting that water storage does not play a role in coping with the gravitational potential gradient in Sequoiadendron.
Scaling S mass versus W mass to whole-crown levels provided dramatically different estimates for the importance of water storage capacity. We computed a 12.5-fold difference between these two storage metrics, with S mass representing 85.1% and W mass only 6.8% of daily water use. This latter estimate is very comparable to the 5.5% estimated for a mature Thuja occidentalis using a modeling approach (Tyree 1988) but smaller than the 25% estimated for foliated branches of Picea abies seedlings using a suite of direct measurements (Zweifel et al. 2001) . There is no doubt that these estimates will vary widely due to weather-dependent variation in daily transpiration (e.g., Ambrose et al. 2010) . However, the importance given to S area in estimating over 500% of the potential daily transpiration as reported for Sequoia tree tops does not reflect available water even though hydraulic capacitance was also highest in the upper crowns (Ishii et al. 2014) . The difference of nearly two orders of magnitude is primarily a reflection of how water storage is calculated. The areanormalized succulence reported by Ishii et al. (2014) contains all shoot water, including the less mobile AWF, rather than water that is available over the typical range of water potential as represented by W area or W mass . Given the general pattern of leaf water storage contributing less to daily transpiration than stems (Scholz et al. 2011) , the enormous stems of Sequoiadendron and Sequoia have great potential to stabilize water potential over longer time scales. 
Seasonal water relations
Seasonal changes in osmotica and TLP with height are seldom quantified for tall trees, but reports from E. regnans and P. menziesii suggest that osmotic adjustment may be a common strategy to maintain Ψ p against gravity (Connor et al. 1977 , Woodruff et al. 2004 ). In P. menziesii, osmotic adjustment steepened the relationship between TLP and height from a slope of essentially zero in spring to a slope approaching the gravitational potential gradient in summer (Woodruff et al. 2004 ). In contrast, we observed neither a shift in Ψ πft nor a steeper slope in the relationship between Ψ πft and height from summer to fall, indicating that sufficient Ψ p was maintained between the measurement periods without the need for osmotic adjustment. The lack of osmotic adjustment in Sequoiadendron may result from the species occupying basin-like topographies containing abundant groundwater (Rundel 1972 , Anderson et al. 1995 . Indeed, our study trees grew on alluvial soils close to perennial watercourses, and surface water flowed through each of our study sites throughout the measurement periods. Alternatively, the fact that Ψ πft decreased with height in some but not all Sequoia (Koch et al. 2004 , Ishii et al. 2014 suggests that seasonal osmotic adjustment could be induced by spatial or temporal variation in environmental conditions.
Our seasonal estimates of water storage that were normalized by mass versus area yielded very different results; massnormalized estimates exhibited smaller differences than their areanormalized counterparts. This discrepancy can be explained by developmental changes in shoot anatomy combined with the nonlinear function we used to predict shoot areas from their masses. Shoot density increases over time as new xylem is added, so lateseason shoots tend toward a region of relatively gentle slope in our predictive relationship where increases in mass occur with little increase in area. Age-related increases in shoot density may therefore have driven a reduction in fall estimates of mass-normalized water storage. Nonetheless, S mass , which represents shoot saturated water content including both available and unavailable components, increased 11.7% over the course of the season and was likely associated with the increase in total RWC TLP . These increases in water content, however, may not actually be available to the transpiration stream because W mass did not change and C mass declined, together indicating that the vast majority of this stored water was held outside the typical range of water potential. Reductions in C mass and symplastic RWC TLP appear to be caused by a proportional shift of shoot water from more mobile symplastic to less mobile apoplastic compartments as indicated by the concomitant 27.2% increase in AWF. Seasonal changes in anatomy that increase the ratio of apoplasm to symplasm as shoots age may be responsible for this shift. Tracheid walls should thicken relative to their lumen areas as seasonally drier conditions prevail. In Sequoiadendron, the leaf fibers exhibit concentric lamellae that may enhance water storage over time as these hydrophilic and high-capacity cell walls thicken (Célino et al. 2013 , Zwieniecki and Boyce 2014 , Chin and Sillett 2016 . It therefore appears that the seasonal increase in total RWC TLP we observed is carried by anatomical changes that promote water storage, but that this stored water is not available to the transpiration stream within the typical range of water potential. We speculate that this seasonal increase of less mobile water storage may function as a reserve that maintains water content above dangerous thresholds to avoid precipitous declines in physiological function during peak dry season.
Does giant sequoia exhibit risky behavior?
Diurnal courses of water potential components indicate that Sequoiadendron consistently maintained positive Ψ p against gravity, but Ψ w routinely hovered close to the TLP (Figure 8 ). This 'risky' behavior underscores the functional significance of several water relations traits. First, decreasing Ψ πft with height maintained TLP below minimum Ψ w that were more negative with height. Second, the passive concentration of these osmotica toward midday as the shoots desiccated additionally promoted positive Ψ p . Third, our large values of C area indicate the ability to release ample quantities of water to the transpiration stream over small changes in Ψ w to buffer diurnal variation in environmental conditions that become increasingly threatening as midday Ψ w approach TLP. Finally, subjecting shoots in the lower crowns to Ψ w experienced in the upper crowns would have resulted in turgor loss for each of the four trees, thus emphasizing the functional importance of variation in water relations traits with height that successfully prevented the typical range of Ψ w from sinking below TLP under gravitational constraints. Operating close to the TLP while also having tight stomatal regulation may allow Sequoiadendron to survive short-term drought by maximizing the functional range of water potentials while avoiding rapid hydraulic failure, in which case overall drier climates should result in carbon starvation (McDowell et al. 2008 , Ambrose et al. 2009 . Such an isohydric strategy may explain why the species appeared to tolerate the recent 2012-17 California drought that killed more than 100 million other trees (USDA 2016), yet it succumbed to more extensive climatic shifts in the past 2.3 million years (Davis 1999a , 1999b , Dodd and DeSilva 2016 .
Contrasting strategies among tall conifers
Tall conifers potentially employ three contrasting shoot water relations strategies to maintain Ψ p against height-related constraints. In the first strategy, TLP is uniform with height in the spring but progressively declines with height in the summer months via osmotic adjustment as observed in P. menziesii (Woodruff et al. 2004 , Meinzer et al. 2008 . Whether hydraulic capacitance plays a role alongside osmotic adjustment in this strategy remains unknown. In the second, the emphasis is on capacitive discharge of stored water. Both TLP and Ψ πft are uniform with height, but increases in hydraulic capacitance and
Tree Physiology Online at http://www.treephys.oxfordjournals.org water storage may reduce height-related hydraulic constraints as suggested for Sequoia and Cryptomeria (Ishii et al. 2014 , Azuma et al. 2016 . Whether osmotic adjustment seasonally alters TLP with height in this strategy remains uncertain because a decrease in Ψ πft with height has been documented for Sequoia (Koch et al. 2004 ). In the third strategy, Ψ πft consistently maintains more negative TLP with height as we determined for Sequoiadendron, but hydraulic capacitance and water storage do not play a substantial role. These apparently contrasting strategies could be explained by seasonal osmotic adjustment with height. During the spring to summer shoot growth phase, osmotic concentrations increase with height perhaps to maintain sufficient Ψ p required for foliar expansion against the gravitational potential gradient, as proposed by Woodruff et al. (2004) . The resulting expectation is a steepening (more negative) slope in the relationship between Ψ πft and height during the dry season, which would be mirrored in the relationship between TLP and height. Consistent with this expectation, data from P. menziesii measured during bud-break in May and from Cryptomeria in May yielded essentially unchanging Ψ πft and TLP with height (Woodruff et al. 2004 , Azuma et al. 2016 ). In addition, data from P. menziesii, Sequoia and Sequoiadendron during the growing season well after budbreak yielded strongly negative slopes of Ψ πft and TLP with height (Monteuuis 1987 , Koch et al. 2004 , Woodruff et al. 2004 . However, the fact that a relatively long period of seasonal osmotic adjustment with height in P. menziesii does not perfectly coincide with the shorter period of foliar expansion (Meinzer et al. 2008) indicates additional functions of seasonal osmotic adjustment with height. Similar measurements on additional tree species, especially tall angiosperms, are needed to further evaluate the commonness and function of seasonal osmotic adjustment with height, and to determine whether or not increasing hydraulic capacitance and water storage capacity with height are also seasonally regulated.
Conclusions
Gravity exerts a strong influence over foliar water relations of Sequoiadendron, yet positive turgor pressures and high water contents were maintained along a height gradient extending nearly 95 m above the ground. With increasing height in tree, higher osmotic concentrations drove a reduction in TLP that matched the gravitational potential gradient. Water contents were maintained above dangerous levels and controlled by a balance between tissue elasticity and the proportion of less mobile apoplastic water. Hydraulic capacitance was nearly twice as large as previously reported for other trees, indicating great potential to stabilize water potentials against short-term fluctuations in vapor pressure deficits. However, a seasonal shift toward less mobile apoplastic water helped maintain high water content as environmental conditions became increasingly desiccating. This suite of foliar water relations traits, which may be unique among tall trees, permits minimum midday water potentials to operate close to the TLP, and may also enable the Earth's largest tree species to survive short-term drought.
